Introduction
The basidiomycete fungus Ganoderma Karst., a polyporoid genus within the family Ganodermataceae of the order Aphyllophorales, is worldwide in distribution, growing on numerous coniferous, deciduous and palmaceous hosts. The genus comprises a large, diverse complex of fungi, all with double-walled basidiospores. Many Ganoderma species are wood-rotting fungi, with a number being pathogenic on economically important trees and perennial crops. In forest systems, Ganoderma, along with other 'white-rot' fungi, has an ecological role in the breakdown of woody plant debris. Most such fungi are seen as largely saprobic, but may be able to exploit weakened hosts as parasites or secondary pathogens. Root and stem rots caused by a number of Ganoderma spp. have long been known to cause extensive worldwide losses of many tropical perennial crops, most significantly in oil palm (Elaeis guineensis) (Anonymous, 1915) . Losses also occur in coconut (Cocos nucifera) (Petch, 1910) , rubber (Hevea brasiliensis) (Wakefield, 1920) , betelnut (Areca catechu) (Butler, 1906) , tea (Camellia sinensis) (Thomson, 1939) , cocoa (Theobroma cacao) (Varghese and Chew, 1973) , peaches and pears (Chohan et al., 1984) , guarana (Paullinia cupana) (Batista, 1982) and timber trees such as Acacia (Bakshi et al., 1972) .
In South-East Asia, oil palm is frequently planted as a monoculture on areas that previously supported other plantation crops, such as rubber or coconut, or may be planted on areas cleared from primary forest. Smallholder farmers also grow oil palm in mixed cropping systems with other perennials, such as coconut, coffee and cocoa. Ganoderma basal stem rot (BSR) of oil palm is of particular economic importance in these production areas, because it shortens the productive life of plantations, an effect that tends to become cumulative over successive planting cycles of this monoculture, such that widespread losses can occur in young plantings less than 5 years old. Losses due to BSR are the result of both a direct reduction in palm numbers in the stand, and a reduction in the number and weight of fruit bunches from standing diseased palms and those with subclinical infections (Turner, 1966) . Although oil palm is planted in areas that previously supported other perennial crops, or in mixed cropping systems, the influence of these different cropping systems on BSR incidence in oil palm is unclear. A number of the 'species' of Ganoderma associated with BSR in oil palm (Table 13 .1) have been documented as having a wide host range, infecting Albizzia (Turner and Bull, 1967) and other palms, such as betelnut (Areca catechu) (Thomson, 1935; Venkatarayan, 1936) and coconut (Venkatarayan, 1936; Peries, 1974) . Stumps of wild palms such as Oncosperma filamentosa and Livinstona cochinchineasis within an oil-palm planting have also been reported to support basidiomata of Ganoderma spp., presumed to be pathogenic to oil palm (Turner, 1968) . In contrast, observations by Varghese and Chew (1973) revealed that Ganoderma basidiomata from oil palm were morphologically and physiologically different from Ganoderma basidiomata from tea and rubber, suggesting that cross-infection from these non-palm hosts to oil palm would be unlikely to occur.
BSR of oil palm has been recorded widely throughout the tropics, including Angola, Cameroon, Ghana, India, Indonesia, Malaysia, Nigeria, Principé, Sao Tome, Singapore, Solomon Islands, Tanzania, Zaire and Zimbabwe (Turner, 1981) . Recently, following the increased planting of oil palm, infection of young palms has also been noted for the first time in Papua New Guinea (see Pilotti et al. and Sanderson et al., this volume) and Thailand (Tummakate and Likhitekaraj, 1998) . Ganoderma basal stem rot is now recognized as a significant constraint to sustainable production in Asia, and the development of techniques for disease management has been highlighted as a key research priority (Anonymous, 1997) .
Multidisciplinary Characterization of Ganoderma from Oil Palm and Other Tropical Perennial Hosts
Recent applications of biochemical and molecular methods in phytopathology have led to a considerable improvement in the taxonomy and understanding of numerous pathogenic fungal species. The combination of molecular biology characteristics, such as DNA polymorphisms, with functional information, such as enzyme activities, along with traditional morphological and pathogenicity data, allows the delimitation of populations on the basis of genetic relatedness, and linkage to functional and field-related characteristics of the member isolates, applicable to studying disease epidemiology. Previously, this had been achieved either through the use of single techniques such as isoenzymes, which yield both genetic and functional information (Micales et al., 1986) , or through the combination of data from multidisciplinary approaches (Bridge et al., 1993) . This combined approach has identified genetic and function-linked relationships between geographically diverse populations of Ganoderma on different tropical perennial crops, characterized on the basis of morphology, pathogenicity, somatic incompatibility, isozymes, mitochondrial DNA and ribosomal DNA polymorphisms (Miller, 1995a, b, c) .
Basidioma morphology
The majority of taxonomic studies on species of Ganoderma originating from South-East Asia have been largely reliant on the system developed by Steyaert (1967 Steyaert ( , 1972 for defining species. Discriminatory basidioma characters have included context layer depth, basidioma colour (upper surface and context), basidioma (shape, radius and thickness), cutis (thickness, colour and hyphal system), context thickness and colour, tube layer depth and colour, pore dimensions, dissepiment dimensions, and spore dimensions, colour, shape, and echinule distribution. In his summary of the taxonomy of the Ganodermataceae, Corner (1983) , however, reviewed Steyaert's classification systems for Ganoderma, concluding that gradations occurred in all morphological features used to describe species. Other species identification circumscriptions have also been unclear, and have resulted in the description of over 250 species, with frequent synonymity as a result. The situation is further complicated by the description of a number of species complexes by various authors (Steyaert, 1975 (Steyaert, , 1980 Bazzalo and Wright, 1982; Adaskaveg and Gilbertson, 1986) , such that taxonomic divisions within the genus Ganoderma are currently regarded as chaotic, with heterogeneic forms, dubious nomenclature and inconsistencies in application of the numerous criteria by which the genus has been subdivided (Bazzalo and Wright, 1982; Gilbertson and Ryvarden, 1986) . These authors concluded that the use of morphology alone is insufficient for the systematics of Ganoderma. As a consequence, the identification and distribution of tropical Ganoderma species remains unclear and there is little comparative morphological information to enable morphology to be related to host specificity. The species concepts for the BSR-associated Ganoderma isolates are also very confused. Originally identified as G. lucidum by Thomson in 1931 , a complex of species were later believed to be associated with BSR (Voelcker, 1953; Dell, 1955; Wijbrans, 1955; Varghese, 1965; Turner and Bull, 1967; Singh, 1991) . Using morphological characters of the basidiomata, Steyaert (1967) identified six species associated with BSR lesions in oil palm in Malaysia and Indonesia (Sumatra), namely G. boninense, G. miniatocinctum, G. chalceum, G. tornatum, G. zonatum, and G. xylonoides. Later, Ho and Nawawi (1985) considered that those associated with BSR all conformed to G. boninense, as did Miller (1995) , who also confirmed the pathogenicity of isolates from diseased and symptomless palms following seedling inoculation tests. To date, 15 species of Ganoderma have been recorded worldwide as probable causal agents of basal stem rot in oil palm (Turner, 1981) , although many of these are based only on circumstantial association with basal rot lesions. In view of the uncertain species concepts in this genus, Ganoderma populations on oil palm are herein described by generic name alone.
Mycelial morphology
A number of identification systems using culture and morphological and physiological characters, have been devised for mycelial states of the woodinhabiting Aphyllophorales. The identification system developed by Nobles (1948) , describing 126 species of wood-inhabiting basidiomycetes, was the first to bring together a range of morphological and physiological characters, including colour changes in agar, type of rot, and characters of the advancing margin of a culture. In 1965, Nobles further developed the system into a multiple-choice key for cultural identification of 149 species of woodinhabiting hymenomycetes, based on 53 diagnostic characters (Nobles, 1965) . These included extracellular oxidase activity, hyphal septation, hyphal and culture pigmentation, growth rates, basidiomata formation in culture, odour, host specificity, and interfertility phenomena. Limited information was included regarding tropical species, although Bakshi et al. (1969 Bakshi et al. ( , 1970 and Sen (1973) later included a number of polypore species from India in similar taxonomic keys. Boidin and co-workers (Boidin and Beller, 1966; Boidin and Lanquetin, 1973; Boidin et al., 1976 ) also described species of Corticiaceae and Lachnocladiaceae from central Africa, while van der Westhuizen (1958 Westhuizen ( , 1959 Westhuizen ( , 1971 Westhuizen ( , 1973 described cultures of several species from South Africa. Stalpers (1978) designed a more comprehensive synoptic key for 550 species of woodinhabiting Aphyllophorales, based on 96 characters. However, once again fewer than 20% of species described were of tropical origin.
Application of mycelial identification methods to tropical Ganoderma populations has been limited, as they are mostly concerned with temperate species. Hseu and Wang (1990) concluded that identification systems of these types were only of use for identification to the genus level, with parameters insufficiently clear to enable differentiation between species. Miller (1995c) observed similar variation levels intraspecifically and interspecifically, indicating inapplicability for species definitions, and in differentiation of populations in the context of functional characteristics, such as host specificity on tropical perennial crops. Diagnosis of Ganoderma infection in tropical perennial hosts such as oil palm thus remains largely reliant on the presence of basidiomata, which are frequently observed only once a disease is firmly established. Subclinical infections remain undetectable, and mycelial states in the soil and surrounding plant debris cannot be detected and identified with accuracy.
Genetic-based characterization approaches

Isozymes
Isozymes are defined as multiple molecular forms of a particular enzyme which have very similar or identical catalytic properties (Markert and Moller, 1959) . Most organisms possess several polymorphic enzymes. These enzymes, coded by different alleles (allozymes) at a single locus, or separate genetic loci (isozymes), can possess different electrophoretic mobilities. These differences are due to amino acid variations, which are dependent on the coding nucleotide sequence in the DNA. Micales et al. (1986) and Stasz et al. (1988) described protocols for the study of population structures in fungi. Methods for comparison of isozymes are based on specific staining after enzymes have been separated by electrophoresis. As isozymes represent an indirect expression of the genome, they may be used as indicators of genetic relationships between populations. This approach can thus be applied to discriminate taxa, given a sufficient number of polymorphic enzymes or the occurrence of unique or rare enzyme patterns. The study of isozymes can be particularly useful in solving taxonomic problems when there are few morphological parameters, or where characters are very plastic within a conventional species. The use of isozymes is generally applicable for intrataxon variation, discriminating below the species level. Approximately 90 enzyme systems have been used to date with a variety of organisms, and although their application to fungal systematics is still under-exploited, significant advances have been made using these approaches (e.g. Bonde et al., 1984; Micales et al., 1986; Mills et al., 1991; Simcox et al., 1993) .
PECTINASES. Pectic isozyme studies have been conducted for taxonomic purposes on fungal genera such as Armillaria, with Wahlstrom (1992) differentiating European species, and Penicillium, with Cruickshank and Pitt (1987) and Paterson et al. (1989) separating isolates in terms of accepted species. Similar studies on Heterobasidion annosum (Fr.) Bref., showed good correlation with the spruce (S), pine (P) and fir (F) European and North American intersterility groups, with six different pectin zymogram groups relating to the three different intersterility groups, and these were suggested to represent incipient species (Karlsson and Stenlid, 1991) . Analysis of pectinase zymograms for 150 Ganoderma strains (Figs 13.1 and 13.2) (Miller et al., 1995a) , gave groupings that matched host type from which the strains were originally isolated. Isolates from palm hosts (Elaeis guineensis, Cocos nucifera, Areca catechu, and the ornamental palms Oncosperma horridum and Ptychosperma macarthurii) comprised a single large cluster group (cluster A), 99% of which were of palm origin and these isolates produced a distinct pectin esterase band (banding pattern type A ( Fig. 13.1) ). Within this functionally defined group, there were no significant differences between isolates obtained from widely distant geographic locations such as Colombia, Nigeria, Malaysia and the Solomon Islands. A second cluster (group B) also comprised predominantly isolates of palm origin (85%).
Pectinolytic enzymes have been reported to be of importance in pathogenesis caused by necrotrophic pathogens (Cooper, 1983; Collmer and Keen, 1986) . Evidence that pectinase enzymes are necessary for tissue maceration has been demonstrated in experiments with mutants (Handa et al., 1986) and by the transfer of genes coding for pectinolytic activity to non-pathogenic species (Keen and Tamaki, 1986; Payne et al., 1987) . Although the role of pectinolytic enzymes in pathogenesis caused by Ganoderma has yet to be clarified, Tseng and Chang (1988) reported that G. lucidum produced both endo-polygalacturonase and endo-pectin methyl trans-eliminase, and hypothesized that such enzymes may be responsible for causing the tissue rots associated with the fungus. As pectinases produced by Ganoderma are probably involved in plant tissue degradation, they are considered likely to be function-linked characters. Consequently, the majority of Ganoderma strains isolated from palm hosts were regarded as a well-defined functional grouping, producing a common range of pectinase isozyme profiles, undetectable by comparison of basidioma morphology. Additionally, as a stable character (pattern A) was identified in Ganoderma populations originating from infected palm material, this raised the prospect of the development of diagnostic tools for diagnosis of Ganoderma infection within palm hosts. However, as enzyme activity is likely to be localized within an infected palm, difficulties were visualized in terms of tissue sampling. Assuming that banding pattern differences found between isolates from oil palm and the majority of those from non-palm hosts represented true functional differences, these findings were concluded to be of fundamental importance in terms of elucidating mechanisms of pathogen survival and disease spread within the oil-palm agroecosystem. Similarities between zymogram banding patterns for isolates from oil palm and those for isolates obtained from coconuts in Malaysia supported the current widespread belief that the disease can spread from saprobic growth on old coconut stands to parasitic invasion of oil palm, even though healthy coconut palms themselves are not attacked in Malaysia. Similarly, the different patterns produced by isolates from non-palm hosts suggested that cross-infection would be unlikely to occur from these to palm crops.
INTRACELLULAR ISOZYMES. The cytoplasmic enzyme classes catalase, esterase and phosphatase have been shown to reveal differences at a variety of taxonomic levels when applied to the differentiation of fungal groups, separating at species, population and isolate levels (e.g. Alfenas et al., 1984; Mugnai et al., 1989) . Analyses of intracellular esterase and polyphenol oxidase have been useful in the separation of isolates of six Armillaria intersterility groups in British Columbia (Morrison et al., 1985) . Lin et al. (1989) also separated isolates belonging to four North American species of Armillaria, and genotypically distinct clones within a species, on the basis of intracellular esterase isozymes and total protein profiles. Variability of intracellular isoenzymes in isolates of Heterobasidion annosum also revealed their applicability for differentiation of members of different intersterility groups (Otrosina et al., 1992) , and identification of clones of H. annosum within Norway spruce (Stenlid, 1985) . Within Ganoderma, intracellular isozymes have been applied to test the validity of existing species definitions. For example, G. lucidum has been differentiated from a number of other temperate Ganoderma spp. on the basis of intracellular esterase isozymes (Park et al., 1986; Tseng and Lay, 1988) . Hseu et al. (1989) also reported the differentiation of isolates of G. applanatum, G. boninense, G. formosanum, G. fornicatum, G. microsporum, G. neojaponicum, G. tropicum, and G. tsugae, on the basis of intracellular and extracellular laccase isozymes. Following analysis of pectinase enzymes, Miller and co-workers (Miller, 1995; Miller et al., 1995b) employed intracellular catalase, acid phosphatase and propionyl esterase profiles to characterize tropical perennial populations. These isozymes revealed widespread genetic heterogeneity in isolates, contrasting with groupings derived from pectinases, with clusters showing no clear relationship with the host of origin. The considerable profile differences observed suggested variability at the population level, contrasting with discrimination levels observed in previous studies. As these intracellular isozymes are constitutive rather than behavioural, the groupings produced between isolates from oil palm and other perennial hosts were considered more likely to reflect evolutionary relationships than functional relationships. Consequently, the level of similarity observed between isolates from the majority of palm hosts on the basis of extracellular pectinase isozymes was more likely to be reflecting a common behaviour of isolates on palms rather than representing true genetic relatedness. Intracellular isozyme data indicated that isolates probably arrived at this behavioural trait from a number of different evolutionary pathways, which, on the evidence generated from pectinase data alone, appeared as a single population of isolates attacking palms, able to cross-infect from coconut and other palm hosts to oil palm.
Mitochondrial DNA restriction fragment length polymorphisms
Mitochondrial DNA (mtDNA) in fungi codes for ribosomal RNAs, transfer RNAs, and enzymes involved in energy transfer such as cytochrome b, cytochrome oxidase and ATPase subunits (Sederoff, 1984) . Fungal mitochondrial DNA has been reported to display high levels of structural variation, similar to that observed in plants. Gene arrangement is variable (Grossman and Hudspeth, 1985; Hoeben and Clark-Walker, 1986) , and size variation can be observed even among closely related taxa (McArthur and Clark-Walker, 1983; Bruns et al., 1988) . Although the size range varies greatly in different organisms, it is generally between 20 and 180 kb in size, thus allowing the entire genome to be visualized by enzyme cleavage and gel electrophoresis. It is also regarded as an attractive molecular marker for restriction fragment length polymorphisms (RFLPs) as it has a relatively high copy number and can be purified easily. RFLPs have been used widely at different taxonomic levels in fungal systematics (e.g. Typas et al., 1992; Thomas et al., 1994) . Typically, mtDNA has been found to be rich in RFLPs at the intraspecific level (e.g. Bruns et al., 1988; Smith and Anderson, 1989; , with mapped polymorphisms revealing variation caused by length mutations (Taylor et al., 1986; Bruns et al., 1988) . Evaluation may be made of classifications developed from characteristics such as morphology or host specificity, and because isolates, pathotypes or species can be identified by this approach, the technique may also be applied to the development of diagnostics (Cooley, 1991) . Their role in delimiting species or subspecies is particularly important where morphological and physiological differences are ambiguous or affected by environmental conditions, where they may provide a simpler, more reliable and more rapid means of classification. An added benefit of these analyses is that mitochondrial inheritance is believed to be unilinear (e.g. , therefore variability that may be due to cross-overs and other events in heterokaryotic isolates undergoing sexual recombination will be avoided. Mitochondrial DNA RFLPs have been shown to be highly varied among Ganoderma isolates from a wide range of hosts and locations (Miller, 1995; Miller et al., 1995b) . Furthermore, mitochondrial probes derived from a single isolate from Malaysian oil palm showed little homology with other isolates from the same host. This supported the intracellular isozyme-derived conclusion that isolates with common pectinase activities were unlikely to represent a single population, and probably arrived at this behavioural trait from a number of different evolutionary pathways.
Ribosomal DNA internal transcribed spacer (ITS) variability
The ribosomal DNA unit consists of a tandem repeat of three conserved genic (small subunit 18S, 5.8S and large subunit 25-28S) and two less-conserved non-genic (ITS and intergenic spacer (IGS)) regions ( Fig. 13.3) . The gene regions code for rRNA, which forms the structural backbone of ribosomes, the sites of protein synthesis within the cell. The rDNA gene cluster occurs within the chromosomes as multiple tandem repeats, such that a single nucleus contains hundreds of copies. As the rDNA arrays are considered to be homogenized by concerted evolution (Hillis and Dixon, 1991; Appel and Gordon, 1995) , with mutations thought to be minimized because of the functional nature of the genic regions, this region therefore represents an attractive marker for systematic studies. rDNA genes are evolving at a relatively slow rate, such that partial sequences from the nuclear large subunit gene are applicable to phylogenetic studies among distantly related fungi (Gaudet et al., 1989) . As the ITS regions have a spacer role, separating gene regions, overall length remains fairly constant. However, as they do not encode rRNA, they may accumulate considerable base substitutions, and thus evolve at a much faster rate than gene regions. ITS mutation rates frequently approximate that of speciation, with sequence comparisons revealing low variation within a species, with more extensive sequence divergence existing between different species within a genus. As a consequence, variability in the ITS region has been the basis for the development of many PCR-RFLP-based assays for differentiation of fungal species (e.g. White et al., 1990; Gardes and Bruns, 1991; Samuels and Seifert, 1995; Edel et al., 1997) .
In a study conducted to determine appropriate regions for discrimination between different Ganoderma species, Moncalvo et al. (1995) concluded that sequence differences in ITS regions were sufficient to distinguish the majority of 14 species tested, unlike the 25S gene region, which was more conserved. In comparisons of over 40 Ganoderma isolates from a block of 250 palms in Malaysia (R.N.G. Miller, unpublished data), restriction digestion of ITS regions (PCR-amplified using universal primers ITS 1F and ITS4) using enzymes HinfI and AluI yielded identical RFLP profiles in over 90% of strains, providing preliminary evidence for a predominant single species within the oil palms sampled (Fig. 13.4 ).
Localized Variability in Relation to Disease Establishment and Spread Mechanisms
Little is known of the mechanisms of infection and spread within oil-palm plantings. Traditionally, initial establishment of Ganoderma BSR in an oil-palm field has been considered to occur by mycelial contact, through growth of living oil-palm roots into an inoculum source, comprising saprophytically colonized debris within the soil and largely remaining from the previous planting. Entry has also been postulated to occur through wounded tissues or dead roots (Turner, 1965b) . As the roots of an oil palm can extend across up to four planting rows (Lambourne, 1935) , root-to-root contact might enable the subsequent spread of Ganoderma between living palms. The observation that patches of basal stem rot infection appear to enlarge over time (Singh, 1991) , has also led to the assumption that most spread of infection in the field occurs by root contact between healthy and diseased palms.
In an attempt to eliminate the initial inoculum, sanitation prior to replanting often involves 'windrowing', i.e. the uprooting of previous bole and trunk tissues, which are then stacked along the inter-rows. In some cases, the stem tissues are also chopped up mechanically to hasten breakdown. Although disease incidence after windrowing is generally lower in subsequent plantings than in stands replanted without bole removal, the process is both labour intensive and costly, and often fails to prevent the recurrence or spread of basal stem rot. Despite the dubious value of current replanting strategies and the general failure of control strategies (curative surgery, fungicide treatment, cultural methods) in existing oil-palm stands, few studies have been conducted to test the validity of current assumptions about the spread of the pathogen in oil-palm plantings. This is largely because morphology-based characterization approaches have not allowed the differentiation of subpopulations or individuals required for pathogen population studies. In a recent study, Miller et al. (1999) determined the genetic relationships within over 50 isolates of Ganoderma from two oil-palm plantings in Malaysia, through somatic incompatibility studies and mtDNA RFLPs, in order to elucidate possible mechanisms of disease establishment and spread. 
Somatic incompatibility
Although understanding of the mechanisms determining somatic incompatibility in Ganoderma remains incomplete, the use of incompatibility reactions in the study of disease development in populations is well documented within Basidiomycete tree pathogens (e.g. Guillaumin et al., 1994; Morrison et al., 1994) . Through somatic incompatibility reactions, Miller et al. (1999) reported that the sampled Ganoderma populations within the two oil-palm systems occurred as numerous distinct individuals ('genets' sensu Rayner) (somatic incompatibility groups (SIGs)), contrasting with typically clonal distribution patterns for other basidiomycetes, where single clones can spread over large areas of forests (Shaw and Roth, 1976; Stenlid, 1985) . Numerous separate genets were detected in the sampled populations, with a total of 34 detected in one plot (out of 39 isolates tested) and 18 (out of 18) within the other ( Fig. 13 .5). In both cases, incompatibility between paired isolates was observed over distances that could theoretically permit root-to-root contact, and hence mycelial spread, between neighbouring palms (9 m apart), and between non-adjacent palms (up to 36 m apart). Incompatibility was also found between isolates colonizing the same infected palm. Only in one instance were two isolates from neighbouring palms found to be compatible. Similar variability has also been reported in other oil-palm blocks (Ariffin and Seman, 1991) . The frequency of different SIG genets within the two oil-palm plantings indicated numerous separate infection incidents, rather than mycelial spread of Ganoderma. The numerous genets may have arisen through sexual recombination and subsequent dispersal of recombinants via basidiospores. However, the role of basidiospores in the infection process remains unresolved. New inoculum sources could be formed by saprobic colonization of substrates such as stumps or felled palm trunks and debris. Such mechanisms have been widely reported for other root-and butt-rot pathogens (Turner, 1976 (Turner, , 1981 Stenlid, 1985) . Despite the release of huge numbers of airborne spores from each basidioma, the majority of palms remain uninfected, indicating that basidiospores either may not be able to initiate a basal stem rot infection or may require very specific conditions to establish infection. Previous studies with spore inoculum did not result in direct infection of living palms (Turner, 1965a; Yeong, 1972) . None the less, spores are a likely infection mechanism in upper stem rot of oil palm (Thomson, 1931) , often in association with Phellinus spp. Although Ganoderma basidiospores are most likely to be windborne, additional mechanisms suggested for their dispersal have included insect vectors (Genty et al., 1976) . However, to date, no conclusive link has been made between insects and basal stem rot incidence and development.
Alternatively, the numerous SIG clones could also have indicated the presence of many spatially separated populations, each originating from a unique mycelial inoculum source, which may have originated from infected debris left over from previous stands or colonized by spores. Both plots were 173-177 178-182 183-187 188-192 193-197 198-202 203-207 208-212 213-217 218-222 223-227 228-232 233-237 238-242 243-247 248-252 replanted from rubber, which in turn replaced primary forest. Although either vegetation could have supported Ganoderma populations, variation in strains adapted to palms is more likely to have originated in native palm infections. Evidence of such an origin was described previously (Miller et al., 1995a) , with isolates from palmaceous and non-palmaceous hosts separating on the basis of extracellular pectinase zymograms. Oil palm is propagated as seed from crosses between dura × pisifera types and so as a segregating population the oil-palm stand itself does not present a homogeneous host. This may create additional selection pressure for variation in the pathogen.
mtDNA RFLPs
As with the SIG data, mtDNA RFLPs revealed considerable heterogeneity between isolates (Miller et al., 1999) including those from the same and adjacent palms ( Fig. 13.6 ). Of the 26 lines identified by MspI-derived RFLPs among the isolates studied, only two isolates from neighbouring palms had the same mtDNA RFLP profile. The majority of isolates obtained from within individual palms gave a single mitochondrial DNA profile, and only two palms gave isolates with different RFLP profiles. In previous studies on other fungi, the relationship between RFLP and SIG groupings has been reported to be complex (e.g. Manicom et al., 1990) , ranging between equivalent RFLP and SIG groupings, more than one RFLP grouping within a SIG, or more than one SIG within an RFLP grouping. Within this study, results from mitochondrial DNA analyses and somatic incompatibility tests were not always in accord. More than one SIG frequently occurred within a single mitochondrial DNA group, as previously reported in Armillaria (Guillaumin et al., 1994; Smith et al., 1994) . This was interpreted as variability arising at the compatibility loci as a result of sexual recombination, with mitochondrial DNA maintained through unilinear inheritance. Each SIG could therefore have represented a nuclear genomic variant, with different genets originating from locally dispersed basidiospores. This interpretation was further supported by comparison of relationships by cluster analysis of the mtDNA RFLP profiles (Fig. 13.7) ; isolates from the same or nearby palms did not cluster together. These isolates showed few bands in common, implying that recombination (whereby progeny could be expected to contain a proportion of bands identical to parents) had not occurred. In this case, therefore, different RFLP profiles indicated isolates derived from different lines, presumably arising from different dikaryotic basidiomata and mycelium (although isolates with identical mtDNA RFLP profiles could still represent different lines). However, in one instance a single SIG group was found to have two RFLP lines. This was interpreted as indicating either that more than one mitochondrial type can exist (possibly through recombination) within a single population, or that self-incompatibility is controlled by non-mitochondrial markers. Overall, mtDNA was not recommended in isolation for differentiation of lines within Ganoderma. Mitochondrial DNA RFLP studies also provided evidence against previous assumptions of the significance of secondary mycelial spread of Ganoderma from palm to palm. As mtDNA has been demonstrated to be maintained through unilinear inheritance in Ganoderma (C. Pilotti, personal communication), the presence of numerous mitochondrial DNA groups therefore indicated spatially separated populations originating from a diverse initial inoculum.
Conclusions
Existing species definitions for Ganoderma are of little value for interpreting disease processes in tropical perennial crops such as oil palm. Application of a multidisciplinary approach combining genetic, morphological and pathogenicity data provided evidence of a genetically heterogeneous grouping of isolates specific to palms. Consistency in ITS RFLPs may also provide preliminary evidence of a predominant species within oil palm. PCR applications, such as sequence analysis of nuclear or mitochondrial rRNA gene and spacer regions, or protein-coding genes such as the β-tubulin genes, are likely to clarify the species identity of Ganoderma in oil palm. Development of sensitive diagnostic methods for the pathogen in oil palm is also likely to be reliant on sequence data, enabling design of specific primers for PCR-based detection approaches.
Localized studies did not support the current assumption that spread of Ganoderma occurs through radial mycelial growth from individual inoculum sources to neighbouring palms via root-to-root contact, which has particular significance in terms of efficacy of land preparation prior to replanting, and sanitation practices in existing oil-palm stands. Within two oil-palm plantings examined, both SIG and RFLP data indicated that Ganoderma populations were highly heterogeneous over restricted areas. Circumstantial evidence for primary infection from residual inoculum in crop debris was supported by genetic comparison of isolates. Spread from these foci to immediately neighbouring trees may be occurring by mycelial spread, but more distant infections are likely to be the product of unrelated infection incidents. It is anticipated that, following conclusive determination of the stability of mtDNA in the sexual fungus Ganoderma, the role of residual inoculum and basidiospores may be more fully clarified. More recent PCR-based approaches such as randomly amplified polymorphic DNA (RAPD), amplification fragment length polymorphisms (AFLP) or microsatellites may be appropriate to the clarification of BSR disease establishment and pathogen spread in oil palm, if found to be stable over the life cycle of Ganoderma. These approaches may be applicable to discriminating individuals and, with reduced cost and handling time, may also enable analysis of local variability on the basis of much larger sample sizes.
